It is essential to estimate how much power can be delivered from vehicles to grid, called achievable power capacity (APC), for practical vehicle-to-Grid (V2G) services. We propose a method of estimating the APC in a probabilistic manner. Its probability distribution is obtained from the normal approximation to the binomial distribution, and hence represented with two parameters, i.e., mean and covariance. Based on the probability distribution of the APC, we calculate the power capacity that V2G regulation providers (or V2G aggregators) are contracted to provide grid operators with, called the contracted power capacity (CPC). Four possible contract types between a grid operator and a V2G regulation provider are suggested and, for each contract type, a profit function is developed from the APC and the penalty imposed to the V2G aggregator. The CPCs for four contract types are chosen to maximize the corresponding profit functions.
INTRODUCTION
Huge commercial success of the hybrid electric vehicle (HEV), combined with growing concerns on the global climate change, is promoting the electrification of vehicles. In many areas, legislation provides subsidies to increase the market acceptance of the electric vehicles (EVs) (ARRA). Almost all variations of the EVs employ plug-in system charged directly from the conventional power outlet. Consequently, they keep plugged-in during most of the parking hours, and many studies have been conducted to utilize those online (plugged-in) batteries for giving benefits to the power grid (Kempton et al., 1997 ,2000 ,2001 , Letendre et al., 2002 . This kind of grid-beneficial utilization of the electric vehicle is referred to as vehicle-to-grid (V2G). In particular, frequency regulation is considered as one of the most promising and practical V2G services.
Up to now, V2G researches have been mainly focused on the economic feasibility (Kepmpton et al., 2005 . Technical issues were limited to the interconnection of individual vehicle and the power grid (Brooks, 2002 , Gage, 2003 . Very recently, however, the authors have tackled a V2G problem from another technical standpoint. They have focused on the efficient integration of electric vehicles and proposed a specific method of controlling the vehicles in an optimal way for frequency regulation. In their study, the main concern was to control each plugged-in vehicle for maximum profit on the part of V2G regulation providers. However, instead of an individual vehicle, a large number of vehicles should be considered for totally maximizing the profit. To the best of the authors' knowledge, the overall plug-in pattern of vehicles was left unexploited.
In a competitive electricity market, regulation providers should be aware of the power capacity that they can provide prior to the actual service delivery. Thus, it is important to identify the overall plug-in patterns of vehicles. The energy management system (EMS) in a grid operator dispatches regulation signal based on economical strategies built on prior information given by the regulation providers. Specifically, the information includes generation cost, ramp rate, and most of all, the rated power capacity of each generator. In the existing power market, frequency regulation is provided by generators, and the achievable power capacity (APC) can be easily acquired from their rated power capacity. Regarding the V2G frequency regulation, however, the exact APC cannot be known due to the random behavior of pertaining vehicles. Furthermore, the transaction of the regulation power is carried out in MW basis, and thus it is necessary to manage vehicles with typical battery packs of 5 kW to 20 kW. Consequently, an intermediate system, called an aggregator, is necessary to deal with the small-scale power of vehicles to provide the regulation service on the appropriate large-scale power (Brooks, 2002 , Gage 2003 .
In this paper, we develop the stochastic analysis of the APC regarding V2G frequency regulation for the first time. The ultimate goal is to find an optimal size of the contracted power capacity (CPC) between an aggregator and a grid operator. We first develop a method of estimating the APC in a probabilistic manner. Vehicles have their own plug-in patterns, each of which forms a random variable with the binomial distribution. The binomial distribution is approximated to the normal distribution, and the probability distribution of the APC is derived through summation of all normal random variables. Based on the derived probability distribution of APC, we build profit functions considering several possible penalty types. Then the optimal CPC can be chosen to maximize the corresponding profit functions. For a specific case, we develop the closed form solution as well. This paper is organized as follows. Section 2 develops a method of estimating the APC based on the plug-in pattern of each pertaining vehicle. Using the acquired probability distribution of the APC, the optimal CPC is derived through a mathematical analysis in Section 3. Finally, the conclusions are drawn in Section 4.
PROPOSED METHOD: ANALYTICAL ESTIMATION
OF ACHIEVABLE POWER CAPACITY V2G aggregators would make profits by contracting with a grid operator. The main issue is about how much power the aggregator can provide during a specific period, which is generally on an hourly basis. The amount of the payment is directly proportional to the CPC. Generally, regulation providers should specify the CPC explicitly so that the grid operator can allocate the required regulation power to each provider appropriately. Thus, the APC of each regulation provider is a key parameter for the efficient distribution of the required regulation amount. Unlike other regulation providers with generators, however, V2G aggregators cannot obtain the exact size of the APC until actual service delivery time due to the random behavior of pertaining vehicles. Therefore, aggregators should build a stochastic model of the APC to determine an optimal CPC based on a certain profit function. In order to obtain the probability distribution of the APC, the plug-in probability for each vehicle should be first estimated. Generally, a contract is made between an aggregator and a vehicle owner before the vehicle is provided with the regulation service. During the initial phase of the contract, the aggregator may investigate the plug-in pattern of the vehicle to build a table of plug-in probability. In most power market, transactions are made on hourly basis, and thus it is reasonable to estimate the plug-in probability in an hourly manner as well. Typically, the estimated probability distributions would be comprised in cycles of different periods. Among them, the most distinct one would be oneday cycle because the lifestyle of the vehicle owner might be repeated daily. The next dominant cycle would be a week due to the different usage of the vehicle between weekdays and weekends. Thus, the observation for a month could be long enough to build a probability distribution for the daily cycle. The weekly cycle may require longer investigation. The precise assessment of the observation duration for a reliable plug-in probability is out of the scope of this paper, and left for future work.
As the observation is repeated, the plug-in probability distribution of a certain vehicle can be estimated as in Table  1 .
With the plug-in probability distributions of all participating vehicles, aggregators can estimate the overall probability distribution of the APC. With small number of vehicles, the APC can be calculated by considering every possible combination. For example, three vehicles with different plugin probabilities and different power capacities such as in Table 2 yield eight combinations. In this way, however, the calculation is intractable due to the exponential increase of the possible cases. For instance, the number of the possible cases reaches up to 1024 ( 10 2 = ) only with 10 vehicles. Consequently, it is practically impossible to derive the probability distribution of the APC exactly. Now, let us consider a special case that the plug-in probabilities of all the vehicles are identical. In this case, probability distribution of the number of the plugged-in vehicles can be represented in the form of the binomial distribution:
where k is the number of plugged-in vehicle, p is the (common) plug-in probability, and n is the number of vehicles pertaining to the aggregator. For the binomial distribution, it is well known that an excellent approximation can be given by the normal distribution with sufficiently large n as:
Meanwhile, a normally distributed random variable X with mean μ and variance 2 σ can be linearly transformed as:
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for any constants a and b. Thus, if an identical power capacity m is assumed for all vehicles, the probability distribution of the APC can be obtained from (2) as follows:
The cumulative distribution function (cdf) of (4) is given as:
where erf(·) is the Gauss error function. Thus, the probability that the APC is larger than a certain amount x is: In the real world, however, the aforementioned case itself is unrealistic because the vehicles would have different plug-in probabilities and power capacities from each other. Nevertheless, if the vehicles are divided into several specific patterns (clusters) with specific plug-in probabilities and power capacities, the probability distribution of APC for each pattern can be estimated using (4). Actually, typical power capacity of a vehicle battery would range just around from 5 kW to 20 kW, and only a few specific manufacturers produce the batteries. Consequently, there will be the limited number of battery types, and thus all kinds of power capacities can be classified into a few or dozens of groups. Likewise, the plug-in probability is based on the observation of repeated behavior, and thus the resolution would be comparably low. As a practical example, vehicles in Fig. 1 can be clustered into 66 groups as in Table 3 . The vehicles are sampled from 5 kW to 30 kW on 5 kW basis with respect to power capacity. Likewise, the vehicles are sampled every 10% of the plug-in probability. In Table 3 
where the subscript of APC denotes the corresponding row and column in the pattern table. In this example, there are 66 (=6x11) sample patterns, each of which has different power capacities and different plug-in probabilities. As in (7), the probability distribution for each pattern can be derived from (4). Since our ultimate goal is to obtain the overall probability distribution of the APC with entire vehicles, we recall that if 1 X , 2 X are two independent normal random variables, with means 1 μ and 2 μ and standard deviation 1 σ and 2 σ , then their summation is also normally distributed as follows:
Equation (8) can be extended to multiple of the random variables. Since each sample pattern corresponds to a normal random variable with known mean and variance, the overall probability distribution of APC can be estimated from those of each sample pattern by applying (8):
APC APC (9)
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In case of the example in Table 3 
ANALYSIS ON OPTIMAL CPC
It is reasonable to think that penalties would be imposed if an aggregator procures less APC than the CPC and hence fails to comply with the given regulation command from a grid operator. Therefore, an aggregator should decide the CPC considering not only the probability distribution of the APC but also the impact of penalties. In this section, four possible contract types are suggested with different penalties, and the profit functions representing the expected revenue of the aggregator are developed for each case. During the formulation, the probability distribution of the APC obtained by the proposed method in the previous section will be utilized.
Penalty Description
A typical penalty type for the failure of an expected service is the cancellation of the payment. For the regulation, the failure of the service is directly related to the size of APC. Thus, the most intuitive and typical penalty can be as follows:
Case 1: The contract is considered as broken unless the aggregator procures the APC more than or equal to the CPC by the service delivery time. In this case, we consider the payment is fully suspended, but no further penalty will be imposed. This is the simplest case with no further penalty except for the suspension of the original payment. More practically, however, the grid operator may need to find an alternative at the expense of an urgent fee when the failure occurs, or may have to prepare an extra power capacity in advance for the contingency cases. Therefore, it is more reasonable to consider an additional penalty for the failure.
Case 2: In addition to the case 1, an aggregator is imposed with a cancellation penalty if the APC is below the CPC at the service delivery time. The amount of the penalty is proportional to the CPC.
In both of the case 1 and 2, the contract is considered as completely broken and no payment is made at all. However, the grid operator may still be able to utilize the procured APC unless it is not zero. In this case, the aggregators could still expect a partial payment as follows:
Case 3: The grid operator admits the contract partially even when the aggregator procured the APC less than the CPC. The payment is directly proportional to the amount of the APC at the time of the service delivery. In addition, a penalty proportional to the shortage would be imposed to the aggregator as well. In the above three cases, we assume that the probability distribution of the APC remains fixed during the unity contract time (usually an hour). In practice, however, the APC would vary continuously even during the contract hour. Therefore, aggregator may suddenly be short of the APC in the middle of the contracted duration even if it successfully procured the APC at the beginning of the time. For such a case, we consider another contract type that the penalty is imposed only when the aggregator actually fails to provide requested regulation command.
Unlike the typical generation, regulation providers are not requested to dispatch (or observe) the electricity constantly at a contracted rate; rather, it is requested with various sizes equal to or less than the CPC. That is, an aggregator may still be possible to comply with the regulation signal even when it fails to procure the APC as much as the CPC. For example, when an aggregator procure just 90% of the CPC, it is still possible to comply with the regulation signals perfectly as long as the regulation request comes below 90% of the CPC. In fact, vehicles are plugged in or out regardless of the contract, which causes the continuous fluctuation of the APC. Consequently, the APC could be less or more than the CPC even during the unity contract hour. As a result, imposing the penalty whenever an aggregator fails to comply with a regulation signal might be more reasonable rather than fixing the penalty amount only by the APC at the beginning of the service delivery time. In this respect, the following penalty is suggested.
Case 4: Basically, the complete payment will be made regardless of the initial APC at the service delivery time (However, the transaction would be postponed until the service delivery is completed to deduct the possible penalties). Instead, whenever an aggregator fails to comply with a given regulation signal, penalties will be imposed, and thus the initial payment will be deducted. The overall deduction amount is in proportion to the frequency of the failure as well as the CPC.
Development of the Profit Functions
As discussed previously, the behavior of a vehicle is completely probabilistic, and thus the optimal CPC should be determined considering the APC computed from the plug-in probability. For quantitative assessment of the optimal CPC, a profit function that represents the revenue of the aggregator is proposed. Then the optimal CPC can be chosen to maximize the profit function. In this section, we develop the profit functions for each contract type. During the development, the probability distribution function (pdf) of the APC derived in section II will be used. For the penalty case 2, a closed form solution will be developed as well.
1) Penalty case 1:
According to the definition of the penalty case 1, the payment will be executed only when the Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011 aggregator succeeds to procure the APC equal to or greater than the CPC by the service delivery time. Using the probability distribution of the APC acquired in section II, the success probability can be obtained by integrating the pdf from the CPC x to infinite.
The payment is directly proportional to both of the CPC and the success probability. Thus, for the penalty case 1, a profit function representing the revenue of the aggregator with respect to CPC can be described as follows:
where x is the CPC, R is a unit regulation price ($/kW), and p is the probability distribution function (pdf) of the APC at the service delivery time.
2) Penalty case 2: In the penalty case 2, the aggregator will be imposed an additional penalty when the procured APC is less than the CPC. Thus, a new term that represents the expectation of the penalty should be appended to (11). Since the probability of the penalty being imposed is the same as the probability that the aggregator procures the APC less than the CPC, it can be represented as follows:
In addition, the amount of the penalty is proportional to the CPC, and thus the profit function in (11) can be revised as follows:
where is a coefficient to represent the penalty in terms of the original payment. For example, the amount of the penalty will be the same as that of the payment when R = 1.
3) Penalty case 3:
In two previous cases, the payment is completely suspended if the APC is procured less than the CPC at the service delivery time. In the case 3, however, the contract would persist partially even when the CPC is not procured completely. Thus, an additional expected value for this partial payment should be appended to the profit function. Although the partial payment will be directly proportional to the APC, the unit price might be reduced. Thus, a coefficient is required to represent the adjusted unit price. To sum up, the expected value of the partial payment when the APC is below the CPC can be represented as follows:
where is the adjustment coefficient of a unit price for the penalty.
Unlike the penalty case 2, the amount of the penalty will be proportional not to the CPC but to the shortage of the APC. Thus, the penalty term should be revised as follows:
Ultimately, the profit function for the penalty case 3 can be represented as:
Meanwhile, differentiating (16) yields:
If the unit price of the APC is not reduced when the APC is less than the CPC, i.e., 1 = β , then the maxima can be obtained as
, and hence:
where F(·) is the cumulative distribution function (cdf) of the APC.
4) Penalty case 1:
With the case 4, the grid operator does not care about the initial APC of aggregators. Instead, penalties are imposed whenever the aggregator fails to comply with a given regulation signal. In terms of the payment, it can be thought that the payment from the grid is made first regardless of the APC and penalties are paid back to the grid operator. Thus, the profit function can be expressed as:
where p E is the expectation of the penalties. Meanwhile, the penalty happens whenever a regulation request is greater than the current APC. Thus, to obtain the expectation of the penalty, a probability distribution of the regulation signal is required. To obtain this, we investigated the actual regulation data from PJM sampled every 5 minutes during June 01-06, 2007. The probability distribution of the regulation signal was estimated by investigating the occurrence rate of each signal as in Fig. 2 . (From actual regulation data of PJM during June [1] [2] [3] [4] [5] [6] 2006) With the pdf of the regulation signal, the penalty probability at a certain APC can be estimated by integrating the pdf from the point of the normalized APC (=APC/CPC) to 1, yielding the penalty probability as: 
CONCLUSIONS
In this paper, we proposed a method of estimating the probability distribution of the APC. Using the developed pdf of the APC, we discussed the optimal CPC between a grid operator and an aggregator regarding frequency regulation. During the discussion, four possible contract types were suggested with penalties, and profit functions were developed for each case to represent the revenue of the aggregator. In addition, a closed form solution was developed for the case 3. Meanwhile, the detailed process of building the plug-in probability for each vehicle was left as a future work. The first three penalty cases assumed the fixed probability distribution during the unit contract time (which is usually an hour). Due to asynchronous behavior of the vehicles, however, the assumption itself is impractical unless the plugin probability is estimated in an average manner. Consequently, some statistical techniques should be applied for the estimation, which is a challenging issue for further research. Finally, the significance of the research would be greatly enhanced with actual statistical data of the vehicle behavior. With the real data, the quantitative impact of V2G could be analyzed more efficiently and in detail. .
